1.. Introduction {#s0001}
================

Strawberries (*Fragaria* ×* ananassa* Duch.) are a rich source of essential nutrients, minerals, vitamins, and beneficial phytochemicals, which appear to exert useful biological effects on human health \[[@CIT0001],[@CIT0002]\]. For example, the dietary fibers in strawberries help regulate blood sugar levels by slowing digestion and controlling calorie intake through its satiating effect \[[@CIT0003]\]. In addition, strawberries are a rich source of vitamin C (about 60 mg/100 g fresh fruit) and folate (24 µg/100 g fresh fruit) \[[@CIT0001]\]. Vitamin C is an antioxidant that plays a vital role in many physiological functions \[[@CIT0004]\]. Folate plays a central role in the synthesis of nucleic acids and in the remethylation of homocysteine into methionine \[[@CIT0005]\]. Therefore, consuming moderate amount of strawberries benefits human health. Because of its flavor and eutrophy, consumers worldwide purchase either fresh strawberries or processed strawberries products, such as yogurts, jams, and juices. Thus, in addition to their health benefits, strawberries are also economically and commercially important.

Botrytis rot is a serious disease that affects strawberry production worldwide and is caused by *B*. *cinerea*. *Botrytis cinerea* (teleomorph: *Botryotinia fuckeliana*), which is also known as gray mold. It is a ubiquitous filamentous fungal pathogen of a wide range of plant species that causes agricultural losses in more than 200 crop species worldwide \[[@CIT0006]\]. The fungus can infect the leaves \[[@CIT0007]\], flowers \[[@CIT0008]\], and fruits of straberry \[[@CIT0009]\]. This disease occurs not only in the field but also during storage, transportation, and marketing of strawberry due to the onset of severe rot as the fruits begin to ripen \[[@CIT0010]\]. Strawberries prefer cooler temperatures; therefore, the timing of their cultivation is crucial in the subtropical areas (e.g., Taiwan). However, *B*. *cinerea* prefers to grow at low temperature and high moisture, so the growing season suitable for strawberry harvest is prone to infection by gray mold. This renders *B*. *cinerea* a common and destructive disease of strawberries in many countries. Therefore, the management of gray mold is a crucial area of research in the strawberry industry.

The disease cycle starts with an airborne conidium landing on the host surface. Following attachment, the conidium germinates on the host surface and forms the appressorium that penetrates the host surface \[[@CIT0011],[@CIT0012]\]. *Botrytis cinerea* induces programmed cell death of the host plant, which may be essential for successful infection \[[@CIT0013]\]. Thus, when a primary lesion is formed on the host, host defense responses are triggered \[[@CIT0014]\]. In some cases, the fungus enters a quiescence period of undefined length, during which fungal outgrowth is restricted \[[@CIT0015]\]. When the defense barriers of the plant collapse, the fungus grows vigorously, which leads to rapid maceration of plant tissue. The fungus ultimately sporulates on the tissue to produce inoculum for the next infection \[[@CIT0011]\].

Strawberries are also susceptible to several other fungal pathogens that require specific chemical control measures \[[@CIT0016],[@CIT0017]\]. Antagonistic microorganisms as a biological control agents have been suggested as a practicable method to reduce the occurrence of various diseases on strawberries \[[@CIT0018],[@CIT0019]\]. Microorganisms often used for developing biocontrol agents are yeasts, bacteria, and fungi. Compared with bacteria, the genome of yeasts is more stable. Some yeast species have been reported to be effective agents for the suppression of gray mold on strawberry \[[@CIT0020],[@CIT0021]\]. Several mechanisms have been proposed for the biological control of pathogenic fungi \[[@CIT0022]\]. Biological control relies on multiple mechanisms that can be achieved by using either a single biocontrol agent exhibiting several mechanisms or applying more than one biocontrol agent in a mixture that exerts combined effects. With this information, in this study, we aimed to (a) screen and identify the species of yeast antagonistic to *B*. *cinerea* and (b) evaluate the putative mechanisms of action associated with the biocontrol capacity of yeast strains against *B*. *cinerea* and some other postharvest pathogens through *in vitro* and *in vivo* tests.

2.. Materials and methods {#s0002}
=========================

2.1.. Fungal inoculum {#s0003}
---------------------

*Botrytis cinerea* (strain JYC2142) and other pathogens (*Colletotrichum gloeosporioides*, *Fusarium incarnatum*, and *B*. *cinerea* JYC2143) used in this study were isolated from rotten strawberries collected from northern and central regions of Taiwan. Yeast strains for screening of metabolites that contribute to antagonistic effects were isolated from various niches, including wine, flowers, soil, insects, and fruit etc. Both yeast and pathogens were grown on YPD agar plates containing 1% Yeast extract, 2% Peptone, 2% Dextrose (D-glucose), and 2% agar. The candidate yeasts and pathogens including *Col*. *gloeosporioides*, and *F*. *incarnatum* were incubated at 28 °C; *B*. *cinerea* was incubated at 22 °C.

2.2.. *In vitro* screening of yeast isolates for antagonism to *B. cinerea* strain JYC2142 {#s0004}
------------------------------------------------------------------------------------------

To evaluate the interactions between the antagonists and the pathogens in culture, gray mold was cocultured with each yeast isolate on YPD agar plates. Petri dishes containing 15 mL of YPD agar medium were inoculated in three replicates with 6 × 6 mm^2^ agar discs with mycelium of pathogens that had been obtained from the margins of young colonies of the fungus grown on the same medium. Approximately 20 μL of yeast suspension (OD~660~ = 0.8, ∼1.26 × 10^7^ cells/mL) was inoculated in the middle of agar plate and the plate was sealed with parafilm. A control dish was prepared to compare only the inoculation of the pathogenic fungus. The cultures were incubated at 22 °C for 6 days. All cultures were kept in the dark.

2.3.. Assays of diffusible metabolite and volatile compounds {#s0005}
------------------------------------------------------------

After screening the antagonistic yeasts on agar plates, the inhibition compounds produced from them were further tested to understand whether they are diffusible or volatile substances. Production of diffusible substances was tested using the dual culture method in which 20 μL of yeast suspension (OD~660~ = 0.8, ∼1.26 × 10^7^ cells/mL) was seeded onto plates containing YPD agar near the disk edge. Pathogenic mycelium (6 × 6 mm^2^) was inoculated at the opposite edge (modified from Lopes et al. \[[@CIT0023]\]; [Figure 1](#F0001){ref-type="fig"}). After incubating the pathogenic fungus and yeast antagonists at 22 °C for about 5 days, fungal growth was measured. The inhibition rate was calculated as \[(*R* ~c~ -- *R* ~exp~)/*R* ~c~\] × 100%, where *R* ~c~ represents the longest diameter of fungal mycelium and *R* ~exp~ is the horizontal diameter of the pathogenic fungus, which shows the inhibitory effect. Three replications were evaluated for each treatment and the experiment was repeated two times. All cultures were kept in the dark.

![Diffusible metabolite assay in dual culture. Inhibition rate was calculated as \[(*R* ~c~ − *R* ~exp~)/*R* ~c~\] × 100%, where *R* ~c~ represents the longest diameter of the fungal mycelium and *R* ~exp~ the horizontal diameter of the pathogenic fungus (which show the inhibitory effect).](TMYB_A_1454013_F0001_C){#F0001}

To assess the production of volatile compounds, 20 μL of yeast suspension (OD~660~ = 0.8, 1.26 × 10^7^ cells/mL) was inoculated on one plate and a disk of pathogen mycelium (6 × 6 mm^2^) was inoculated on the other plate. The two plates were placed "mouth to mouth," and wrapped together with parafilm. Mycelial growth was observed after incubating the plates at 22 °C for 5 days. To study the efficacy of the selected antagonist on the growth inhibition of the pathogenic fungus, radial mycelium growth in two vertical directions chosen randomly was measured \[*R* ~exp~ and *R* ~c~, which represent the diameter of fungal mycelium with yeast and in the absence of yeast (control), respectively\]. The inhibition rate was calculated according to the following equation: \[(*R* ~c~ ^2^ -- *R* ~exp~ ^2^)/*R* ~c~ ^2^\] × 100% ([Figure 2](#F0002){ref-type="fig"}). Three replications were evaluated for each treatment and the experiment was repeated two times. All cultures were kept in the dark.

![Detection of volatile compounds secreted from antagonistic yeasts according to the ''mouth-to-mouth" method. To study the efficacy of selected antagonist on the growth inhibition of pathogenic fungus, radial mycelia growth in two vertical directions randomly chosen was measured (*R* ~exp~ and *R* ~c~, which represents the diameter of fungal mycelium with yeast (upper panel) and in the absence of yeast (control, lower panel), respectively). Inhibition rate was calculated as \[(*R* ~c~ ^2^ *− R* ~exp~ ^2^)/*R* ~c~ ^2^\] × 100%.](TMYB_A_1454013_F0002_C){#F0002}

2.4.. Production of hydrolytic enzymes (chitinase, protease, and cellulase) {#s0006}
---------------------------------------------------------------------------

The ability to synthesize fungal cell wall-degrading enzymes, which suppress the growth of fungal pathogens, can further enhance the biocontrol efficacy of VOC-producing antagonists. Thus, the capability of the selected yeasts to produce and secrete fungal cell wall lytic enzymes (chitinase, protease, and cellulase) was tested on solid media containing the corresponding substrates: (a) chitinase was tested on colloidal chitin (Sigma) pH = 4.7 amended with mineral salts \[[@CIT0024]\]; (2) protease on an agar plate containing skimmed milk power (28 g/L), tryptone (5 g/L), yeast extract (2.5 g/L), glucose (1 g/L), and bacterial agar (15 g/L; modified from Dunne et al. \[[@CIT0025]\]); (3) cellulase on an agar plate containing yeast extract (10 g/L), peptone (20 g/L), carboxymethyl cellulose (CMC) sodium salt (10 g/L; Alfa Aesar), and agar (20 g/L) \[[@CIT0026]\]. All prepared plates were inoculated with 3 μL of the respective yeast culture suspension for 24 h. All enzymatic activities were evaluated after incubation at 28 °C for 5 days. After incubating, the plates for the cellulase assay were stained with 0.1% Congo red (Sigma) solution for 30 min and then washed with 1 M NaCl solution for 15 min. Chitinase activity was detected by the presence of a purple zone ([Figure 3(A)](#F0003){ref-type="fig"}) around yeast colonies. Protease ([Figure 3(B)](#F0003){ref-type="fig"}) and CMCase ([Figure 3(C)](#F0003){ref-type="fig"}) activities were detected by the presence of degradation halos around the colonies. The protease and CMCase activity among the isolates was compared based on a ratio calculated according to the following formula: *R*/*r*, where *R* is the diameter of the entire clear zone and r is the diameter of the zone of yeast colony ([Figure 3(D)](#F0003){ref-type="fig"}).

![Detection of hydrolytic enzymes activity of antagonistic yeasts based on their reactions in a culture medium containing the substrate of the candidate enzymes. (A) Extracellular chitinase activity was detected on colloidal chitin media containing bromocresol purple (pH 4.7). (B) Detection of protease activity of antagonistic yeasts based on culturing yeast in a culture medium containing casein. (C) CMCase activity was detected on carboxymethylcellulose media. (D) Comparison of protease and CMCase was based on the following ratio: *R*/*r*, where *R* is the diameter of the entire clear zone and is the diameter of the zone with yeast colonies.](TMYB_A_1454013_F0003_C){#F0003}

2.5.. Biofilm-forming capacity {#s0007}
------------------------------

The ability to form biofilms has been proposed as a possible mechanism of biocontrol in some antagonist yeasts \[[@CIT0027]\]. One of the most important aspects of biofilm formation is the initial attachment of microorganisms because this is a necessary first step. Thus, the biofilm-forming capacity was tested by measuring yeast adherence to a polystyrene surface according to the method reported by Giobbe et al. \[[@CIT0028]\], but with slight modifications. The method involved the following steps: the yeast was grown overnight at 28 °C in a tube containing 3-mL YPD medium. The yeast suspension (1 mL) was transferred to an Eppendorf tube and brought to an OD~660~ nm of 0.2. The yeast culture was then centrifuged to remove supernatants. Cells of each yeast strain were then resuspended in 1-mL YPD medium, and 200-μL aliquots were inoculated in triplicates into 96-well polystyrene plate. A well with only the YPD medium was used as the control. The plate was incubated at 22 °C for 2 days. After incubation, the wells were washed with sterile water to remove the cells that were not attached to the wells. Moreover, 200 μL aliquots of 0.1% (w/v) crystal violet (Panreac AppliChem, Germany) were then added. After 30 min, the wells were washed with sterile water for about eight times to remove the redundant dye. The adherence of cells was quantified by solubilizing the retained crystal violet with 200 μL of 10% sodium dodecyl sulfate (SDS) for 30 min. Finally, the OD~570~ nm of the solution was measured using a Multiskan GO Microplate Spectrophotometer (Thermo Scientific).

2.6.. Detection of inhibition of mycelia growth on strawberry fruit {#s0008}
-------------------------------------------------------------------

The efficacy of the volatiles produced by antagonistic yeast in the postharvest control of *B*. *cinerea* on strawberry was determined according to the method suggested by Huang et al. with some modifications \[[@CIT0020]\]. Aliquots (100 μL) of the yeast cell suspension (approximately 1 × 10^7^ yeast cells/mL) were spread on YPD agar plates (9 cm in diameter). The covers of the Petri dishes were removed and two (or four) plates with the yeast cultures were placed in each plastic box. For the control treatment, two or four plates with YPD agar only were placed in a box. Mature and healthy strawberry fruits were purchased from a market. Five unwounded strawberry fruits of similar size were surface sterilized in 70% ethanol for 5 s, washed two times with sterile distilled water, and blotted on paper towels to remove the water. A conidial suspension (100 μL) of *B*. *cinerea* at approximately 1 × 10^7^ conidia/mL was spread on each strawberry. Both the fruit and yeast culture plates were then placed into a plastic box ([Figure 4](#F0004){ref-type="fig"}). The experiment was conducted with a completely randomized design with three replicates per treatment (two or four dishes of yeast culture), five fruits in each replicate, and the experiment was repeated two times. The boxes were covered to maintain high relative humidity, which favors the postharvest onset of the disease. The boxes were stored in an incubator for 4 or 8 days at 22 °C or for 20 or 30 days at 4 °C. Strawberry fruits showing symptoms of gray mold in each box were individually rated for disease severity using a scale of 0--8, where 0 represents healthy and 1, 2, 3, 4, 5, 6, 7, and 8 represent less than 12.5, 12.6--25.0%, 25.1--37.5%, 37.6--50.0%, 50.1--62.5%, 62.6--75.0%, 75.1--87.5%, and 87.6--100% of the area rotted, respectively.

![Efficacy of the volatiles produced by antagonistic yeast in postharvest control of *B*. *cinerea* on strawberry. Yeast cultures and strawberries with *B*. *cinerea* spores on the surface were placed into a sealed plastic box at high relative humidity to ensure favorable conditions for the postharvest onset of the disease.](TMYB_A_1454013_F0004_C){#F0004}

2.7.. Fungal genomic DNA extraction {#s0009}
-----------------------------------

Young fungal cultures (1 mL) were transferred to a 1.5-mL tube and centrifuged at 13,000 *g*--16,000 *g* for 1 min. The supernatant was discarded, and the cell pellet was suspended in 200 µL of a lysis buffer \[2% Triton X-100, 1% SDS, 100 mM sodium chloride, 10 mM Tris (pH 8.0), and 1 mM ethylenediaminetetraacetic acid (EDTA)\] to which 200 µL of phenol--chloroform--isoamyl alcohol (25:24:1; isoamyl alcohol is optional) and 0.3 g of acid-washed glass beads (0.45--0.52 mm) were added and gently mixed. The samples were vortexed for 5 min to disrupt the cells and then centrifuged at 13,000 *g*--16,000 *g* for 5 min. The aqueous layer of each sample was then transferred to a clean tube, followed by the addition of 400 µL of 95% ethanol and 16 µL of 3 M sodium acetate (pH 5.2). The samples were mixed through inversion and centrifuged at 13,000 *g*--16,000 *g* for 5 min. The pellets were then washed with 300 µL of 70% ethanol, and the samples were centrifuged at 13,000 *g*--16,000 *g* for 2 min before the supernatant was discarded. Subsequently, the ethanol solution was aspirated with air for 30 min to dry the pellets. Finally, genomic DNA from each sample was suspended in 100 µL of a Tris--EDTA buffer (pH 8.0).

2.8.. Fungal identification {#s0010}
---------------------------

Sequences of the ribosomal DNA (rDNA) were determined from polymerase chain reaction (PCR) products from genomic DNA extracted from the yeast cells. The LSU rDNA, including the D1/D2 domain, 5.8S rDNA, and internal transcribed spacer (ITS) regions, were amplified using PCR with the universal primers ITS-1 (5′-TCCGTAGGTGAACCTGCG-3′) and NL-4 (5′-GGTCCGTGTTTCAAGACGG-3′) \[[@CIT0029]\]. PCR was performed as follows: initial denaturation at 95 °C for 5 min and repeated denaturation at 95 °C for 1 min (annealing temperature, 48--55 °C for 30 s), and elongation at 72 °C for 1 min and 40 s for 35 cycles. The final elongation lasted for 5 min. The DNA sequencing of these samples (∼650 base pair product) was performed at Tri-I Biotech, Inc. A BLAST search of the nucleotide sequences was performed against the National Center for Biotechnology Information database (<http://www.ncbi.nlm.nih.gov>). Our identification of fungi were also made by using a combination of morphological, cultural, and molecular characters. The voucher specimens of pathogenic fungi are deposited in the Bioresource Collection and Research Center, Hsinchu City, Taiwan (<http://www.bcrc.firdi.org.tw/>).

2.9. Statistical analysis {#s0011}
-------------------------

Data are expressed as mean ± standard deviation (SD). The significance of differences between each treatment and control was determined using one-tailed Student *t* tests and analysis of variance. *p* \< .05 was considered statistically significant.

3.. Results {#s0012}
===========

3.1.. Production of diffusible and volatile substances on agar plates {#s0013}
---------------------------------------------------------------------

In our study, 918 yeast strains were isolated from different natural sources and screened for antagonistic activity. Among these, 24 isolates were antagonistic to *B*. *cinerea* JYC2142 ([Table 1](#t0001){ref-type="table"}). We further evaluated the inhibition compounds from yeast strains to understand whether they are diffusible or volatile. If an inhibition gap was noted between the gray mold and yeast colonies, the yeast strain was recognized as having the ability to produce diffusible inhibition compounds ([Figure 5](#F0005){ref-type="fig"}). The inhibition of mycelial growth of *B*. *cinerea* JYC2142 in dual cultures due to the production of diffusible antifungal compounds was observed for six antagonistic yeasts. The inhibition rate varied from 18.7 to 36.5%, with *Aureobasidium* sp. JYC1525, *Saccharomyces cerevisiae* JYC137, and *Candida stellimalicola* JYC2120 having the best ability for diffusion inhibition (36.5, 26.8, and 24.5%; [Table 2](#t0002){ref-type="table"}). Production of volatile antifungal compounds was observed in almost all of these 24 antagonistic yeast strains (from 2.7 to 69.6%, with 14 isolates having statistical significance), with *Galactomyces candidum* JYC1146, *Aureobasidium pullulans* JYC1278, and *A*. *pullulans* JYC1291 having the best ability for volatile inhibition (69.6, 33.7, and 23.6%; [Table 2](#t0002){ref-type="table"}).

![Evaluation of *in vitro* antagonism by production of diffusible substances by yeasts against the *B. cinerea* JYC2142 on YPD plate. (A) *B. cinerea* alone as the control group. (B) Yeasts (right) were antagonistic to *B. cinerea* (left). (C) Yeasts (right) were not antagonistic to *B. cinerea* (left).](TMYB_A_1454013_F0005_C){#F0005}

###### 

Antagonistic yeasts with the accession numbers of large subunit (LSU) of ribosomal DNA sequences.

  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Strains   Closest species (GenBank accession no.)                                                   Identities                             Species (GenBank accession no.)                                        Source
  --------- ----------------------------------------------------------------------------------------- -------------------------------------- ---------------------------------------------------------------------- ------------------------------
  JYC137                                                                                                                                     *Saccharomyces cerevisiae* YIIc17_E5[^a^](#TF1){ref-type="table-fn"}   Wine

  JYC138                                                                                                                                     *S. cerevisiae* YIIc17_E5[^a^](#TF1){ref-type="table-fn"}              Wine

  JYC146                                                                                                                                     *S. cerevisiae* DBVPG1106[^a^](#TF1){ref-type="table-fn"}              Grape

  JYC188                                                                                                                                     *S. cerevisiae* Y55[^a^](#TF1){ref-type="table-fn"}                    Grape

  JYC213                                                                                                                                     *S. paradoxus* Q69.8[^a^](#TF1){ref-type="table-fn"}                   Bark of *Quercus* spp.

  JYC264                                                                                                                                     *S. cerevisiae* W303                                                   A widely used model organism

  JYC292                                                                                                                                     *S. cerevisiae* DBVPG1853[^a^](#TF1){ref-type="table-fn"}              White teff

  JYC409    *Moniliella pollinis*(KF706450) *M*. *megachiliensis*(KF706448) *M*. *madida*(KF706447)   623/624(99%)623/624(99%)623/624(99%)   *Moniliella* sp.(MF692838)                                             Flower

  JYC1061   *Aureobasidium pullulans* (KM555174)                                                      710/710\                               *Aureobasidium pullulans* (KM555174)[^b^](#TF2){ref-type="table-fn"}   Biting midge
                                                                                                      (100%)                                                                                                        

  JYC1146   *Galactomyces candidum* (KP223716)                                                        648/650(99%)                           *Galactomyces candidum* (MF692826)                                     Fallen leaves

  JYC1161   *Candida tropicalis* (MF445106)                                                           375/375(100%)                          *Candida tropicalis* (MF692827)                                        Cow dung

  JYC1174   *Cyberlindnera jadinii* (KP132000)                                                        655/656(99%)                           *Cyberlindnera jadinii* (MF692828)                                     Deer dung

  JYC1229   *A. thailandense* (JX462674)                                                              663/667(99%)                           *A. thailandense*(MG385136)                                            Biting midge

  JYC1277   *A. pullulans* (KM555213)                                                                 735/737\                               *A. pullulans* (MF692833)                                              Unknown
                                                                                                      (99%)                                                                                                         

  JYC1278   *A. pullulans* (KM555216)                                                                 627/627(100%)                          *A. pullulans* (MF692829)                                              Unknown

  JYC1291   *A. pullulans* (KM555218)                                                                 652/652\                               *A. pullulans* (MF692830)                                              Leaves of lemon
                                                                                                      (100%)                                                                                                        

  JYC1521   *A. pullulans* (KM555213)                                                                 738/739(99%)                           *A. pullulans* (MF692834)                                              Sea water

  JYC1523   *A. thailandense* (JX462675)                                                              639/649\                               *Aureobasidium* sp.\                                                   Sea water
                                                                                                      (98%)                                  (MF692835)                                                             

  JYC1524   *A. pullulans* (KM555213)                                                                 729/734(99%)                           *A. pullulans* (MF692836)                                              Sea water

  JYC1525   *A. thailandense* (JX462675)                                                              639/649(98%)                           *Aureobasidium* sp.(MF692837)                                          Sea water

  JYC2032   *Pichia kudriavzevii* (KY104582)                                                          607/607(100%)                          *Pichia kudriavzevii* (MF692831)                                       Fruits of *Garcinia spicata*

  JYC2041   *A. pullulans* (KM555213)                                                                 733/734\                               *A. pullulans* (M692832)                                               Fallen leaves
                                                                                                      (99%)                                                                                                         

  JYC2095   *P. kluyveri* (JX188203)                                                                  690/691(99%)                           *P. kluyveri* (M692839)                                                Grapes

  JYC2120   *Can. stellimalicola* (FM199968)                                                          309/312(99%)                           *Can. stellimalicola* (M692840)                                        Kumquat
  ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Strains from Liti et al. \[[@CIT0051]\].

Strains from Chou et al. \[[@CIT0052]\].

###### 

*In vitro* antagonistic activity assays of antagonistic yeast.

            Inhibition[^a^](#TF3){ref-type="table-fn"} of pathogen growth (%)                Enzymatic activity[^d^](#TF4){ref-type="table-fn"}                      
  --------- -------------------------------------------------------------------------------- ---------------------------------------------------- ---- ------------- -------------
  JYC137    26.8 ± 2.9%[\*\*\*](#TF4){ref-type="table-fn"}[^b^](#TF5){ref-type="table-fn"}   10.1 ± 15.5%                                         --   --            --
  JYC138    21.4 ± 23.4%                                                                     12.0 ± 7.2%[\*](#TF4){ref-type="table-fn"}           --   --            --
  JYC146    --[^c^](#TF10){ref-type="table-fn"}                                              15.7 ± 16.4%                                         --   --            --
  JYC188    --                                                                               18.8 ± 20.5%[\*](#TF4){ref-type="table-fn"}          --   --            --
  JYC213    --                                                                               14.6 ± 14.2%[\*](#TF4){ref-type="table-fn"}          --   --            --
  JYC264    --                                                                               14.5 ± 14.5%                                         --   --            --
  JYC292    --                                                                               22.6 ± 14.6%[\*\*](#TF4){ref-type="table-fn"}        --   --            --
  JYC409    --                                                                               19.0 ± 16.7%[\*](#TF4){ref-type="table-fn"}          --   --            --
  JYC1061   18.7 ± 4.9%[\*\*\*](#TF4){ref-type="table-fn"}                                   15.9 ± 12.1%[\*](#TF4){ref-type="table-fn"}          \+   1.54 ± 0.03   2.81 ± 0.27
  JYC1146   --                                                                               69.6 ± 9.4%[\*\*\*](#TF4){ref-type="table-fn"}       \+   --            --
  JYC1161   --                                                                               22.9 ± 10.2%[\*\*\*](#TF4){ref-type="table-fn"}      --   --            --
  JYC1174   --                                                                               13.6 ± 20.7%                                         --   --            --
  JYC1229   --                                                                               2.7 ± 9.0%                                           \+   --            --
  JYC1277   --                                                                               18.5 ± 2.4%[\*\*\*](#TF4){ref-type="table-fn"}       --   --            1.89 ± 0.15
  JYC1278   --                                                                               33.7 ± 22.0%[\*\*](#TF4){ref-type="table-fn"}        --   1.25 ± 0.06   1.73 ± 0.14
  JYC1291   --                                                                               23.6 ± 21.8%[\*](#TF4){ref-type="table-fn"}          \+   1.53 ± 0.11   2.56 ± 0.27
  JYC1521   --                                                                               11.5 ± 16.1%                                         \+   1.63 ± 0.16   2.08 ± 0.12
  JYC1523   --                                                                               4.8 ± 13.5%                                          \+   --            --
  JYC1524   --                                                                               3.8 ± 20.6%                                          \+   1.98 ± 0.26   2.00 ± 0.24
  JYC1525   36.5 ± 12.5%[\*\*](#TF4){ref-type="table-fn"}                                    21.0 ± 20.1%[\*](#TF4){ref-type="table-fn"}          \+   --            1.69 ± 0.09
  JYC2032   --                                                                               16.8 ± 15.2%[\*](#TF4){ref-type="table-fn"}          --   --            --
  JYC2041   19.3 ± 3.4%[\*\*\*](#TF4){ref-type="table-fn"}                                   3.1 ± 4.7%                                           \+   1.35 ± 0.11   1.91 ± 0.13
  JYC2095   --                                                                               14.2 ± 16.2%                                         --   --            --
  JYC2120   24.5 ± 21.3%[\*](#TF4){ref-type="table-fn"}                                      16.6 ± 13.8%[\*](#TF4){ref-type="table-fn"}          --   --            --

Data of inhibition of *B. cinerea* JYC2142 is expressed as mean ± SD.

*p* \< .05 was considered significant. \**p* \< .05; \*\**p* \< .01; \*\*\**p* \< .001.

+Slight positive result, -- not detected.

Data of enzymatic activity unit (AU) is expressed as diameter of the entire clear zone/diameter of the zone with yeast colonies.

On the basis of the results of antagonistic assays against *B*. *cinerea* JYC2142, we chose three antagonistic yeast strains (*Gal*. *candidum* JYC1146, *A*. *pullulans* JYC1278, and *A*. *pullulans* JYC1291) that had the best antagonistic ability for volatile inhibition and three strains (*Aureobasidium* sp. JYC1525, *S*. *cerevisiae* JYC137, and *Can*. *stellimalicola* JYC2120) that had the best antagonistic ability for diffusible inhibition to test whether they could also inhibit other pathogens isolated from rotten strawberries ([Table 3](#t0003){ref-type="table"}). Diffusible compounds from all six strains did not inhibit the mycelial growth of *F*. *incarnatum*; however, five of these except *S*. *cerevisiae* JYC137 did inhibit the mycelial growth of *Col*. *gloeosporioides* by secreting diffusible compounds. Moreover, the mycelial growth inhibition of *B*. *cinerea* JYC2143 by diffusible antifungal compounds from yeasts was noted in *S*. *cerevisiae* JYC137, *Aureobasidium* sp. JYC1525, and *Can*. *stellimalicola* JYC2120 ([Table 4](#t0004){ref-type="table"}). In the antagonistic activity assays of antagonistic yeast against other pathogenic fungi by volatile compounds *in vitro*, volatile antifungal compounds from *Gal*. *candidum* JYC1146, *A*. *pullulans* JYC1278, and *A*. *pullulans* JYC1291 exhibited broad inhibitory activity against various pathogenic fungi. The volatile compounds from *S*. *cerevisiae* JYC137 inhibited the growth of *F*. *incarnatum* and *B*. *cinerea* JYC2143. The volatile compounds from *Aureobasidium* sp. JYC1525 and *Can*. *stellimalicola* JYC2120 showed the narrowest inhibitory activity of all. Their volatile compounds inhibited the growth of only *B*. *cinerea* JYC2143 ([Table 5](#t0005){ref-type="table"}).

###### 

Pathogens of strawberry with the accession numbers of ITS1-5.8S-ITS2 and partial large subunit (LSU) of ribosomal DNA sequences.

            Closest species                                                                         
  --------- ----------------------------------- --------------- ---------------------------------- ---------------------------------------------------------------------------------------------
  JYC2139                                                       *Colletotrichum gloeosporioides*   Gift from Mr. Hsing-Lung Liu, Taichung District Agricultural Research and Extension Station
  JYC2140   *Fusarium incarnatum*(KM519192.1)   648/648(100%)   *Fusarium incarnatum*(MF692820)    Strawberry
  JYC2142   *Botrytis cinerea*(KX096661.1)      666/666(100%)   *Botrytis cinerea*(MF692815)       Strawberry
  JYC2143   *B. cinerea*(KX096661.1)            691/691(100%)   *B. cinerea*(MF692816)             Strawberry

###### 

*In vitro* antagonistic activity assays of antagonistic yeast against other pathogenic fungi by diffusible compounds.

            Inhibition[^a^](#TF6){ref-type="table-fn"} of pathogen growth (%) by diffusible compounds                                                        
  --------- ------------------------------------------------------------------------------------------- ---------------------------------------------------- -------------------
  JYC137    [--^b^](#TF7){ref-type="table-fn"}                                                          --                                                   29.5 ± 3.5%\*\*\*
  JYC1525   --                                                                                          12.5 ± 4.3%\*\*\*[^c^](#TF11){ref-type="table-fn"}   32.1 ± 1.9%\*\*\*
  JYC2120   --                                                                                          15.4 ± 5.6%\*\*\*                                    30.5 ± 2.1%\*\*\*
  JYC1146   --                                                                                          38.7 ± 7.5%\*\*\*                                    --
  JYC1278   --                                                                                          14.6 ± 2.1%\*\*\*                                    --
  JYC1291   --                                                                                          14.7 ± 3.1%\*\*\*                                    --

Data of inhibition of pathogen growth is expressed as mean ± SD.

-- meant that the inhibition was negative.

*p* \< .05 was considered significant. \*\*\**p* \<.001.

###### 

*In vitro* antagonistic activity assays of antagonistic yeast against other pathogenic fungi by volatile compounds.

            Inhibition[^a^](#TF8){ref-type="table-fn"} of pathogen growth (%) by volatile compounds                                                     
  --------- ----------------------------------------------------------------------------------------- ------------------------------------------------- -------------------------------------------------
  JYC137    8.0 ± 17.0%                                                                               --                                                30.5 ± 13.1%[\*\*\*](#TF9){ref-type="table-fn"}
  JYC1525   --[^b^](#TF90){ref-type="table-fn"}                                                       --                                                17.7 ± 26.6%
  JYC2120   --                                                                                        --                                                32.1 ± 6.1%[\*\*\*](#TF9){ref-type="table-fn"}
  JYC1146   35.8 ± 12.7%[\*](#TF9){ref-type="table-fn"}[^c^](#TF9){ref-type="table-fn"}               67.3 ± 29.7%[\*\*\*](#TF9){ref-type="table-fn"}   78.1 ± 11.8%[\*\*\*](#TF9){ref-type="table-fn"}
  JYC1278   26.7 ± 8.8%                                                                               19.0 ± 20.6%                                      23.7 ± 7.7%[\*\*\*](#TF9){ref-type="table-fn"}
  JYC1291   12.4 ± 30.9%                                                                              21.2 ± 14.5%[\*](#TF9){ref-type="table-fn"}       23.1 ± 12.6%[\*\*\*](#TF9){ref-type="table-fn"}

Data of inhibition of pathogen growth is expressed as mean ± SD.

-- meant that the inhibition was negative.

*p* \< .05 was considered significant. \**p* \< .05; \*\**p* \< .01; \*\*\**p* \< .001.

3.2.. Production of cell wall-degrading enzymes (chitinase, protease, and cellulase) {#s0014}
------------------------------------------------------------------------------------

Extracellular chitinase activity was detected on colloidal chitin media containing bromocresol purple (pH 4.7). When inoculated with chitinolytic yeasts, the color of zone the surrounding the inoculated fresh culture plugs in the region of chitin utilization changed from yellow to purple ([Figure 3(A)](#F0003){ref-type="fig"}). The color changed because of breakdown of chitin into N-acetyl glucosamine, which caused a corresponding shift in pH toward alkalinity, changing the color of the pH indicator dye (BCP). In our study, nine strains exhibited chitinase activity ([Table 2](#t0002){ref-type="table"}). Extracellular protease activity was detected on skimmed milk agar, which was indicated by the appearance of clearing zones due to casein degradation. The activity unit (AU) of enzymatic production was defined as the diameter of the entire clearing zone divided by the diameter of yeast colonies. Six yeast strains produced protease, with the AU ranging from 1.25 to 1.98; *A*. *pullulans* JYC1524 exhibited the strongest activity ([Table 2](#t0002){ref-type="table"}).

The cell wall of most fungi consists of complex contents, such as chitin, glucan, and mannoprotein. However, the cell walls of oomycetes are composed of cellulose and glucan. Oomycetes are a group of several hundred species of organisms containing some of the most devastating plant pathogens \[[@CIT0030]\]. The oomycete pathogens associated with crown and root diseases of strawberry have been reported in several studies \[[@CIT0031],[@CIT0032]\]. Many species in the genus *Phytophthora* of oomycetes are specialized to infect strawberry \[[@CIT0032]\]. Therefore, the cellulase-producing ability of yeasts may be the mechanism responsible for the antagonistic activity of these strains against these plant pathogens. In our study, the carboxymethyl cellulase (CMCase) activity was observed in eight strains, with the AU ranging from 1.69 to 2.81; *A*. *pullulans* JYC1061 exhibited the strongest activity ([Table 2](#t0002){ref-type="table"}).

Among the three strains that had best diffusible inhibition ability, *Aureobasidium* sp. JYC1525 had the ability to produce chitinase and CMCase but *S*. *cerevisiae* JYC137 and *Can*. *stellimalicola* JYC2120 did not have the ability to secreting cell wall-degrading enzymes we tested. Thus, in these two yeast isolates, other substances might be responsible for diffusible inhibition against gray mold. Furthermore, among the three strains that had best volatile inhibition ability, *Gal*. *candidum* JYC1146 had the ability to secrete chitinase, *A*. *pullulans* JYC1278 had the ability to secrete protease and CMCase, and *A*. *pullulans* JYC1291 had the ability to secrete all cell wall-degrading enzymes we tested ([Table 2](#t0002){ref-type="table"}).

3.3.. Biofilm-forming capacity {#s0015}
------------------------------

We chose three antagonistic yeast strains (*Gal*. *candidum* JYC1146, *A*. *pullulans* JYC1278, and *A*. *pullulans* JYC1291) that had the best volatile inhibition ability and six strains (*Aureobasidium* sp. JYC1525, *S*. *cerevisiae* JYC137, and *Can*. *stellimalicola* JYC2120, *S*. *cerevisiae* JYC138, *A*. *pullulans* JYC2041, and *A*. *pullulans* JYC1061) that had the best diffusible inhibition ability to test whether they had biofilm-forming capacity. Experiments of formation of biofilms demonstrated that *Aureobasidium* sp. JYC1525 had the best film-forming capacity, as the concentration of crystal violet solubilized by the yeast adhering to the well was higher than 0.002. *Gal*. *candidum* JYC1146, *A*. *pullulans* JYC1278, *A*. *pullulans* JYC1291, *A*. *pullulans* JYC2041, and *A*. *pullulans* JYC1061 had moderate film-forming ability, as the concentration of crystal violet was higher than 0.0005 but less than 0.002. *S*. *cerevisiae* JYC137, *S*. *cerevisiae* JYC138, and *Can*. *stellimalicola* JYC2120 almost did not have the ability to form biofilm, as the concentration of crystal violet was less than 0.0005 ([Figure 6](#F0006){ref-type="fig"}).

![Extracellular chitinase activity was detected on colloidal chitin media containing bromocresol purple (pH 4.7). Three antagonistic yeast (JYC1146, JYC1278, and JYC1291) that had best ability of volatile inhibition and other six strains (JYC1525, JYC137, JYC2120, JYC138, JYC2041, and JYC1061) that had ability of diffusible inhibition to test if they had biofilm-forming capacity. Ability evaluated as the concentration of crystal violet solubilizing from the retained yeast adhered to the well.](TMYB_A_1454013_F0006_B){#F0006}

3.4.. Efficacy of the antagonistic yeast for the control of B. cinerea on strawberry {#s0016}
------------------------------------------------------------------------------------

To evaluate the biocontrol capacity of each yeast strain *in vivo*, four petri dishes with yeast culture and five strawberries with spores of *B*. *cinerea* on the surface were incubated together in a sealed plastic box. We chose three antagonistic yeasts (*Gal*. *candidum* JYC1146, *A*. *pullulans* JYC1278, and *A*. *pullulans* JYC1291) that had the best volatile inhibition ability to test their efficacy in controlling *B*. *cinerea* growth on strawberry. *Gal*. *candidum* JYC1146 was the most efficient strain that significantly reduced the disease severity ([Figure 7(A--C)](#F0007){ref-type="fig"}). To evaluate the effective concentration, the number of petri dishes was reduced to two. Comparing the results of two-plate and four-plate treatments ([Figure 7(D--F)](#F0007){ref-type="fig"}), the inhibitory effect was shown to decline as the number of petri dishes decreased. Because the strain *Gal*. *candidum* JYC1146 shows the best efficacy of gray mold inhibition *in vivo*, we further tested its inhibitory effect against *B*. *cinerea* on strawberries at 4 °C, which is the temperature of cold storage of strawberry. However, the yeast did not exhibit obvious effects when incubated at 4 °C (data not shown).

![Biocontrol efficacy of the three selected antagonistic yeasts that had best ability of volatile inhibition on the decay of strawberries caused by *B. cinerea*. (A--C) evaluating the efficacy of inhibition of gray mold infection on strawberries by four petri dishes with strain *Galactomyces candidum* JYC1146, *Aureobasidium pullulans* JYC1278, and A. *pullulans* JYC1291 cultures, respectively. (D--F) evaluating the efficacy of inhibition of gray mold infection on strawberries by two petri dishes with strain *Gal*. *candidum* JYC1146, *A*. *pullulans* JYC1278 and *A*. *pullulans* JYC1291 cultures, respectively. E1 and E2 represents two repeats of the experiment set with yeast treatment. C1 and C2 represents two repeats of the experiment set without yeast treatment.](TMYB_A_1454013_F0007_B){#F0007}

4.. Discussion {#s0017}
==============

Because of concerns of chemical resistance and environmental contamination, consumer demand for biological control agents is increasing. Biological control refers to the use of natural enemies (i.e., biological control agents) to reduce populations of pests and plant pathogens. In this present study, we demonstrated that some yeast strains can inhibit the growth of *B*. *cinerea*. The inhibitory effects of yeast strains on the mycelial growth were tested *in vitro* for detecting the potential production of diffusible metabolites and VOCs.

Various mechanisms, such as the enzyme degradation of cell walls, have been proposed for biological suppression of infection and inoculum potential of plant pathogens. In our study, among the selected strains that had the best diffusible inhibition ability, *Aureobasidium* sp. JYC1525 had the ability to produce chitinase and CMCase. Furthermore, among the selected strains that had the best volatile inhibition ability, *Gal*. *candidum* JYC1146 showed the ability to secrete chitinase, *A*. *pullulans* JYC1278 the ability to secrete protease and CMCase, and *A*. *pullulans* JYC1291 the ability to secrete all cell wall-degrading enzymes tested in this work. Parafati et al. \[[@CIT0035]\] demonstrated that some fungal isolates, namely, *S*. *cerevisiae*, *Wickerhamomyces anomalus*, *Metschnikowia pulcherrima*, and *A*. *pullulans*, isolated from different food sources have the ability to inhibit the growth of *B*. *cinerea*. In these species, the competition for iron and the ability to form biofilm and to colonize fruit wounds were hypothesized as the main action mechanisms for *M*. *pulcherrima*. Furthermore, all *A*. *pullulans* and *W*. *anomalus* strains studied could hydrolyze laminarin (b-1,3-glucanase activity); all *A*. *pullulans* strains also showed pectinolytic and proteolytic (skim milk and gelatin) activities. Thus, the production of hydrolytic enzymes was one of the important mechanisms for biocontrol activity exhibited by *A*. *pullulans* and *W*. *anomalus*, which also showed an increased ability to form biofilm.

In agriculture, fungal VOCs have been as part of biological control strategies to prevent the growth of plant pathogens \[[@CIT0036]\]. In our work, volatile antifungal compounds were produced by almost all of the 24 antagonistic yeast strains studied. The strain *Gal*. *candidum* JYC1146 inhibited the growth of *B*. *cinerea* most evidently, and it could even inhibit several fungal pathogens, including *F*. *incarnatum* and *Col*. *gloeosporioides*. In Parafati et al. \[[@CIT0035]\], the production of VOCs with *in vitro* and *in vivo* inhibitory effect on pathogen growth was observed for the antagonistic species *W*. *anomalus*, *S*. *cerevisiae*, and *M*. *pulcherrima*. Huang et al. \[[@CIT0020]\] showed that the incidence and severity of *Botrytis* fruit rot of strawberry was significantly reduced by exposure of the strawberry to the volatiles from *Can*. *intermedia* cultures or *Can*. *intermedia*-infested strawberry fruit. Emerging evidence suggests that bacterial VOCs can directly inhibit fungal growth. Volatiles generated by *Bacillus subtilis* JA have been demonstrated to significantly inhibit both spore germination and the elongation of germ tubes in *B*. *cinerea* \[[@CIT0037]\]. Li et al. \[[@CIT0038]\] showed that the volatile substances produced by *Streptomyces globisporus* JK-1 can exert significant inhibitory effects on mycelial growth, sporulation, and conidial germination of *B*. *cinerea*. These studies on the antagonistic activity of fungi and bacteria to fungal pathogens continue highlight their potential as biobased fumigants. On the other hand, the VOCs released by microorganisms may act directly or indirectly to activate plant immunity or regulate plant growth and morphogenesis \[[@CIT0039]\]. In Su et al. \[[@CIT0040]\], they indicated that rhizomorphs of *Marasmius crinisequi* are able to induce defoliation of tea twigs by releasing volatile substances. It means plants are able to recognize microbe-derived compounds and adjust their defense and growth responses according to the type of microorganism encountered.

In our study, we found that some antagonistic yeasts have the ability to produce volatile compounds, some have diffusible inhibitory compounds, some have secret hydrolytic enzymes (chitinase, protease and CMCase), and others have the ability to form biofilm. However, no yeast possessed all the mechanisms we assayed. Zangoei et al. analyzed the effects of yeast biocontrol agents *Can*. *membraniciens* A4 and A5 and *Pic*. *guilliermondii* A6 as well as bacteria biocontrol agents *Bacillus subtilis* B2 and B6 individually or in combination on gray mold of apple \[[@CIT0041]\]. The combinations of B2 + A5 and B6 + A6 was more effective in control of gray mold of apple *in vivo* than their individual applications. Moreover, the proportions of the antagonist yeast in the mixture influenced the biocontrol effect. However, the biocontrol effect was weak when using B2 + A6 compared with their individual application. These results suggest that yeast or bacterial antagonists are more effective in biological control of apple gray mold when used in appropriate combinations than when used alone. Hence, a potential method to enhance the effect of biocontrol is through combining the antagonistic yeast in our study with other bacteria or yeast. However, the biocontrol effect should be further tested to determine whether the mixture can exhibit improved biocontrol efficacy.

We found that *S*. *cerevisiae* JYC137, *S*. *cerevisiae* JYC138, and *Can*. *stellimalicola* JYC2120 can secret diffusible compounds to inhibit the growth of gray mold; however, they could not secret any hydrolytic enzymes we had assayed, indicating that there might be other substances involved in diffusible inhibition against gray mold by these yeasts. The production of killer toxins is a well-established phenomenon in yeasts, and the killer phenomenon was first discovered in *S*. *cerevisiae* in 1963 \[[@CIT0042]\]. Killer toxins are proteinaceous substances produced by some groups of yeast called "killer yeasts." Some yeast strains that have the killer ability could secret killer toxin to inhibit the growth of other microbes that were sensitive to the toxin. Santos and Marquina \[[@CIT0043]\] demonstrated the protection of *Vitis vinifera* plant against *B*. *cinerea* by the killer toxin of *Pichia membranifaciens* and its possible use as a biocontrol agent against gray mold disease of grapevine. The toxins from *S*. *cerevisiae* are of five types: K1, K2, K3, K28, and Klus \[[@CIT0044]\]. No studies have yet investigated the use of the purified toxin of killer yeast against gray mold; nevertheless, such use might be a possible strategy involved in diffusible inhibition by the yeast. In our previous study, *Can*. *stellimalicola* was found to not only suppress the growth of gray mold but also inhibit the growth of human pathogen *Pseudozyma aphidis* \[[@CIT0045]\]. However, *Can*. *stellimalicola* showed the antagonistic behavior to *P*. *aphidis* only at pH 4.7 and pH 5, indicating that this antagonistic activity has a narrow optimal pH range; this likely shows the application limits of this strain.

Biofilms are a consortium of microorganisms encased in an exopolymeric matrix and attached to a surface. Biofilm formation is considered an important attribute for antagonist microbes, as it helps to successfully colonize and protect both the wound site and the intact fruit. In our study, *S*. *cerevisiae* JYC137, *S*. *cerevisiae* JYC138, and *Can*. *stellimalicola* JYC2120 showed weak capability to form biofilms. Mass production of antagonistic microbes and its formulation with an appropriate carrier are the critical steps to develop biofungicides with extended shelf life and prolonged activity. This means that the formulation types must be optimized to improve the adherence of the antagonistic yeast. Fungicides can be formulated in several ways depending on their physical characteristics and application methods \[[@CIT0046]\]. Kim et al. \[[@CIT0047]\], various formulations of antagonist *B*. *licheniformis* N1 were generated and evaluated for their activity to control strawberry gray mold. Per their study, the wettable powder-type formulation N1E (a laboratory-made formulation) was used in pot experiments with remarkable disease control activity on both strawberry leaves and flowers. Alternatively, the use of mixed biofilms containing both fungi (filamentous or non-filamentous) or bacteria can be considered a practical strategy to improve the attachment. This arrangement differs from mixed communities, as in a biofilm, in that the microorganisms form structured communities held together by an extracellular matrix of microorganism-derived macromolecules that have physical and physiological properties distinct from those of free-living cells. The interactions between microbes are crucial for mutual metabolic cooperation. Bacteria and fungi can form a range of physical interaction that depend on different modes of molecular communication for their development and functioning. The formation of fungal--bacterial biofilms by bacterial colonization on fungal surface has been hypothesized to give the biofilm enhanced metabolic activities compared with monocultures \[[@CIT0048]\]. Seneviratne et al. \[[@CIT0049]\] reviewed relevant studies and summarized that fungal--bacterial/fungal--rhizobial biofilms are more effective in their biological performance than are monocultures.

Finally, in the assay of the efficacy of the antagonistic yeast in control of *B*. *cinerea* on strawberry, *Gal*. *candidum* JYC1146 showed the best ability to reduce the infection. *Gal*. *candidum* was a filamentous yeast-like fungus and was reported to be an pathogen that caused sour rot on numerous fruit and vegetable \[[@CIT0050]\]. Although the fungi was not obviously pathogenic to strawberry, the risk of applying this fungi as biocontrol agent should be considered.

5.. Conclusions {#s0018}
===============

Botrytis rot, caused by the wide-spread fungus *B*. *cinerea*, affects most vegetable and fruit crops, as well numerous shrubs, trees, flowers, and weeds. Biological control by antagonistic yeasts is a promising strategy for reducing the common use of synthetic fungicides to control this pathogen. In total, 918 yeast strains, isolated from different natural sources were screened *in vitro* for their potential antifungal activity against *B*. *cinerea*. The inhibitory effects of the yeast strains on the mycelial growth were tested *in vitro* for detecting the potential production of diffusible metabolites and VOCs. Furthermore, some strains among the most effective ones were selected and evaluated *in vivo* to test the postharvest biological control of gray mold decay of strawberry with *B*. *cinerea*. Some of the yeast strains strongly inhibited *B*. *cinerea* mycelial growth under *in vitro* conditions and significantly reduced rot severity *in vivo*. This study demonstrated that antagonistic yeast strains inhibited *B*. *cinerea* and that they have high potential for use in sustainable strawberry production. It would be interesting to develop the most effective strains for the protection not only of fruits but also leaves or whole plants of strawberry against pathogens in future studies.
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